identical. In contrast, Rhox7 is more related the subThe deduced amino acid sequence of each Rhox cluster α gene, Rhox4, than to other subcluster β memprotein revealed that they contain related homeodobers, based on homeodomain sequence. mains. Each has the hydrophobic residues critical for Two human homeobox genes, hPEPP1 and hPEPP2 homeodomain packing (Duboule, 1994) (Figure 2A) . Interestingly, the amino acids preWe could not establish definitively whether the only hudicted to dictate base-specific DNA binding (marked in man homeobox genes in the region syntenic to the bold and with a "b" in Figure 2A ) are, in general, difRhox gene cluster are hPEPP1 and hPEPP2, but neither ferent from those in most known homeodomain promanual scanning of predicted genes nor BLAST teins, suggesting that Rhox proteins have novel DNA searches of contigs overlapping this region of the hutargets (see Discussion). man X chromosome have revealed any other human Figure 1B shows the exon-intron structure of all 12 homeobox genes in this region. Rhox genes. We used the mouse genome database and the exon predictor program Genescan to guide us in Tissue-Specific Expression Patterns deducing the exon-intron structures. While useful, of the Rhox Genes these approaches often misidentified splice sites, most
To determine the expression pattern of the Rhox genes, commonly in 5# exons. The correct exon-intron juncwe employed real-time RT-PCR analysis using primers tions were determined by visual inspection of potential that were specific for each one. A panel of 18 adult splice sites, examination of expressed sequence tags tissues and placenta was screened. This analysis recorresponding to Rhox genes, trial-and-error assessvealed that nine of twelve Rhox genes are expressed ment of suspected exons by RT-PCR analysis, and seexclusively in reproductive tissues and placenta. Three quence analysis of these RT-PCR products.
Rhox genes (Rhox4, 7, and 8) are also expressed in one Several lines of evidence indicated that the Rhox additional tissue (Figure 3 ; note that it depicts expresgene cluster represents a new homeobox subfamily: sion on a log scale). Figure S1 in the supplemental data 47 ( Figure 1B) . Two other X-linked homeobox genes, available with this article online). In agreement with RTArx and Esx1, which are distant from the Rhox gene PCR analysis, Northern blot analysis showed that cluster on the X chromosome ( Figure 1A) , share the Rhox3, 8, and 11 are expressed at their highest levels placement of these introns. This contrasts with most in the testis, while Rhox2, 4, 5, 6, 9, 10, and 12 are other homeobox genes, which either have no intron in predominantly expressed in the placenta and Rhox1 is the homeodomain region or contain a single intron at most abundantly expressed in ovary. None of the Rhox various positions in the homeodomain (Duboule, 1994) . transcripts were detectable in liver. Second, the homeodomain is located at a conserved position in all 12 Rhox proteins ( Figure 1C) . Third, the Rhox Genes Display a Temporal and Quantitative length of most of the Rhox proteins is very similar, difColinear Pattern of Expression fering at most by 10%. The only exception is Rhox8, The expression of the Rhox gene cluster in reproductive which includes a Glu repeat domain of about 110 resitissues suggested that its members are good candidues encoded in its large exon 2 ( Figure 1B) . Fourth, dates to govern gametogenesis and thereby to prophylogenetic analysis, comparing Rhox homeodomains mote or regulate fertility. To narrow down which dewith all 166 known complete mouse homeodomain sevelopmental events they might regulate during male quences deposited in the NIH Genome Research Instigametogenesis, we analyzed their developmental extute database, indicated that the Rhox homeodomains pression pattern using real-time RT-PCR. We were inare more related with each other than they are with trigued to find that the expression pattern of each Rhox other known homeobox gene families ( Figure 2B ). This gene corresponds to its chromosomal position. In paralso indicated that the Rhox cluster forms a new hoticular, we found that the Rhox genes segregate into meodomain subfamily most closely related to the three subclusters (α, β, and γ) that each display a proPaired-and Prd-like families. Consistent with this, Rhox gressive pattern of expression (Figure 4 ). genes share with some Paired-and Prd-like gene fam-
first, all 12 Rhox genes have two introns at identical Northern blot analysis validated the real-time RT-PCR positions in the homedomain region: one intron within analysis and provided the sizes of the Rhox transcripts codon 31 and the other intron between codons 46 and (see Supplemental
The genes in subcluster α display both temporal and ily members an intron between homeodomain codons quantitative colinearity, such that the timing and level 46 and 47 (Duboule, 1994) .
of their peak expression during postnatal testis deWithin the Rhox gene family, phylogenetic analysis velopment corresponds to their position within the subindicated that the 5# Rhox genes (subcluster α) and 3#
cluster. Rhox1, the most 5# gene (with respect to the Rhox genes (subcluster γ) ( Figure 1A ) tended to group centromere) in subcluster α is expressed first (between tightly together as distinct branches ( Figure 2B ). For exdays 7 and 12 postpartum), and then expression rapidly ample, the subcluster α genes Rhox10 and 11 are quite falls off ( Figure 4A ). The next gene (Rhox2) is expressed related, as they encode homeodomains with 65% seat a later point of development, peaking around day 12 quence identity ( Figure 2A ). In contrast, the subcluster postpartum. Rhox3 and 4 are expressed at pro-β genes displayed variable degrees of relatedness (Figures 2A and 2B) . The most related are the Rhox6 and gressively later points of development, peaking be- toli cells. To assess whether any of the Rhox genes are in this class, we used the androgen-responsive Sertoli Rhox Genes Exhibit Cell Type-Specific Expression cell line MSC1. We detected expression of five Rhox To identify the cell types in the testis that express the genes in MSC1 cells (Rhox2, 3, 5, 10, and 11). All five of Rhox genes, we purified testicular cell fractions enthese were also dramatically upregulated (5-to 7-fold) in riched for Sertoli and interstitial (e.g., Leydig) cells. The response to incubation with testosterone and cotransmajority of the Rhox genes are expressed primarily in fection with an AR expression plasmid. As a negative Sertoli cells. The lone exception was Rhox4 which was control, we used Gata1, which encodes a transcription predominantly Leydig cell in origin (Supplemental Table  factor 1994). We found that Gata1 mRNA levels remained unFirst, the null mice had a modest but significant reduction in adult testes weight (Table 1) agreement, we found that wt testis sections had apoLitter number was reduced in pairings between null ptotic cells only in these stages, as judged by TUNEL males with either wt or null females but not when wt analysis ( Figure 6E and Supplemental Figure S2 ). In males were mated with null females, indicating that the Rhox5 null mice, the number of TUNEL-positive cells fertility defect was in the male. The fertility defect was in these stages increased dramatically ( Figure 6D ). In even more obvious when mice pairs were allowed to addition, the null mice had TUNEL-positive cells during mate for only 5 days, as 90% of wt pairs produced a stages VIII through XI that do not normally have apolitter, while only 30% of the null pairs did (n = 10 pairs ptotic cells ( Figure 6E ). All or most of these apoptotic each). Although Rhox5 null male mice had an impaired cells were spermatocytes, based on their position ability to impregnate females, their litter sizes were nor-(most were in rows 2 to 4) and the presence of a meiotic mal (the average value was 4.9 and 5.0 for null and wt spindle or decondensed chromatin in some. Although mice matings, respectively; n = 20 pairs each). The defiwe cannot rule out that some spermatogonia also die ciency in male Rhox5 null mice fertility was not due to during these stages as a result of loss of Rhox5, it is alterations in sexual behavior, because null males genlikely to be few, as less than one in ten of the TUNELerated a similar frequency of vaginal plugs (21/28 matpositive cells resided directly adjacent to the basement ings) to those generated by wt males during 3 day matmembrane. The increased apoptosis was global, not in ings (24/28 matings; p > 0.1). a few select tubules, as the number of TUNEL-positive cells per positive tubule was only modestly increased Defects in Spermatozoa Production in Rhox5 null animals ( Figure 6D ). The reduced germ and Motility in Rhox5 Null Mice cell output from Rhox5 null testes appeared to be enWe sought to determine why Rhox5 null mice were hytirely due to increased germ cell apoptosis, as we did pofertile. We discovered that Rhox5 null mice had w2-not observe a significant alteration in BrdU incorporafold less spermatozoa in the cauda epididymis than did tion in Rhox5 null testes (Table 1) . wt littermates ( Figure 6B ). This difference was not due
The effect of Rhox5 loss was relatively specific, as to loss of spermatozoa during transit through the epiwe did not observe any other alterations in Rhox5 null didymis, as there were also about half as many spermamice testes. They had normal seminiferous-tubule artozoa in the caput epididymis. Instead, a testis defect chitecture and normal tubule diameter (Table 1 ). The number of Sertoli cells per tubule was similar between was responsible, based on several lines of evidence. . Because Rhox5 is regulated by androgen, it localization of the Rhox gene cluster is critical for its function or confers some advantage during evolution, is tempting to speculate that Rhox5 is one mediator of apoptotic survival lost when androgen is deprived. it is tempting to speculate that this location allowed the Rhox cluster to play a role in speciation. This hypotheHowever, the relatively modest increase in stage VII apoptosis (2-to 3-fold) in Rhox5 null animals suggests sis is consistent with several lines of evidence. First, X-linked genes are known to be largely responsible for that other factors may also be involved and/or that other Rhox genes may compensate at stage VII. the sterile males that arise from matings between species in which males are the heterogametic sex (Hurst, In addition to reduced germ cell output, Rhox5 null mice had fewer than the normal proportion of motile 2001). Second, the X-linked Rhox gene cluster seems a particularly good candidate to play a role in this hybrid sperm. This motility defect may be due to improper germ cell maturation in the testis as a result of loss of sterility because most of the Rhox genes are expressed in the male reproductive tract and all of them encode Rhox5 in the adjacent Sertoli cells. Alternatively, it could be due to improper sperm maturation in the caputative transcription factors that have the potential to regulate many other genes. Third, at least one member put, the region of the epididymis where sperm normally acquire forward motility, and the only region of the epiof the Rhox gene cluster, Rhox5, has another key feature required to drive speciation: it has undergone rapid didymis that expresses Rhox5 ( 
